tiple specialties, many quality improvement efforts have been aimed at reducing 30-day readmissions.
The orthopedic and neurosurgical spine literature has mainly reported 30-day readmission rates based on procedure, with rates ranging from 2.5% for anterior cervical discectomy and fusion 12 to 14.2% for primary and metastatic spine tumors. 26 With such a broad range of procedure-based readmission rates, it is difficult to determine the overall incidence of 30-day readmissions in spinal surgery and thus difficult to develop quality improvement initiatives to reduce the 30-day readmission rate. Further determination of the causes and risk factors is essential for improvement processes to occur.
Our overall goal is to reduce 30-day readmissions. The aim of this study was to understand the rate of 30-day readmissions in spine surgery and examine risk factors and causes of 30-day readmission. We proposed 2 questions: 1) What is the 30-day readmission rate as reported in the spine literature? 2) What study factors impact the rate of 30-day readmissions?
methods electronic literature search
This study was registered with Prospero, an international database of prospectively registered systematic reviews (CRD42014015319, 12/2/2014). Four electronic databases (PubMed, Cochrane Library, Web of Science, and Google Scholar) were searched for published English-language articles using the Medical Subject Headings (MeSH) used by the National Library of Medicine (Fig. 1) . The same MeSH terms were used in all 4 databases: "(patient readmission OR readmission*) AND (30 day* OR thirty day* OR 30-day* OR thirty-day*) AND (spine OR lumbar OR cervical OR thoracic OR sacral)." This search yielded 120 results. The Web of Science produced 2 additional nonduplicate studies, while the Cochrane Library and Google Scholar did not produce any nonduplicate studies. The combined 122 studies were subject to title and/or abstract review. Seventy-six articles were eliminated because the abstract did not mention readmissions or did not report on spine procedures. The remaining 46 articles underwent full-text evaluation by a single author. Thirty-three studies were eliminated based on exclusion criteria outlined below; therefore, 13 publications were included in this analysis.
The inclusion criteria were quantitative reporting of 30-day readmissions following any spinal procedure (orthopedic or neurological) and the inclusion of inpatient-only procedures or both inpatient and outpatient procedures. There were no restrictions on the study design; however, all studies were found to be retrospective.
The exclusion criteria were publication outside of the United States, data collection before the year 2000, and inclusion of fewer than 100 study patients. Exclusively cervical spine studies were not included. Studies were also excluded if the patient population had already been subgrouped (for example, diabetic patients undergoing laminectomy) or if the article was reporting on a specific medical device or surgical technique. Deformity studies were not excluded because they report on multiple surgical techniques.
data extraction
The following data were extracted: data source, time from enrollment, sample size, demographics (age and sex), 30-day readmissions, procedure type and spine level, risk factors for readmission, and causes of readmission. The data source was categorized as a single hospital's database, a multicenter registry database (collecting data on 2-100 hospitals), or a large national database (CMS, Veterans Affairs, and National Surgical Quality Improvement Program [NSQIP] ). The time of data collection, which we refer to as the "time from enrollment," was grouped into 3 categories of 4-year increments: after 2009, between 2006 and 2009, and before 2006. Because some studies reported readmissions within 30 days of the procedure and others reported those within 30 days of discharge, readmissions data were extracted according to either definition, and the definition used by each study was recorded. Procedure type and spine level were determined by reviewing the methods of each study. Risk factors based on multivariate analysis were collected when available. Correlation of risk factors with 30-day readmission was examined; correlations reported in 2 or more studies were statistically analyzed. Causes of readmission were pooled from studies that reported these data, and only causes identified in 2 or more studies were analyzed. The causes were grouped into 3 categories: wound related, surgical, and medical system. Because some of the causes had overlap, the total percentage of readmissions does not sum to 100%. All quantitative values were recorded as the mean and the 95% confidence interval.
data Analysis
Comprehensive Meta-Analysis, version 2.2050 (Biostat) was used for data pooling. Sensitivity analysis was performed by the sequential removal of all studies from the analysis. An a priori threshold of 0.5% was chosen; thus, if removing a study changed the 30-day readmission rate by 0.5% or more, this was considered clinically significant. Inverse funnel plots were used to visually assess publication bias. Duval and Tweedie's trim and fill method was used to impute studies potentially missing from the analysis and to recompute the combined random effect. Further quantitative measurement of publication bias was accomplished with the file-drawer analysis of the classic fail safe as well as Orwin's fail safe. To assess historical changes and determine a correlation between the date of patient enrollment and the 30-day readmission rate, a method of moments meta-regression was used.
All confidence intervals were reported at 95%. Statistical significance was measured at a p value of 0.05. Heterogeneity was assessed by calculating the Cochrane Q value and the I-squared statistic. I-squared values of 25%, 50%, and 75% were considered indicative of low, moderate, and high heterogeneity, respectively. The studies were assumed to be heterogeneous; therefore, a random effects model was chosen a priori.
results systematic review
We identified 13 studies reporting 30-day readmissions following spine surgery (Fig. 1) . The total number of in-cluded patients was 488,049, with studies ranging from 197 to 343,068 patients (Table 1) . Five studies used data from a single institution, 3 used data from a multicenter registry, and the remaining 5 used data from a large national database. The majority (9) of the studies reported surgeries on all spine levels, while the remaining 4 exclusively reported on the lumbar spine. Two studies included only deformity patients.
thirty-day readmissions
The pooled 30-day readmission rate for the 13 studies was 5.5% (95% CI 4.2%-7.4%) and varied from 2.6% to 14.2% ( Fig. 2 and Table 2 ). Heterogeneity was high, with an I-squared value of 99.6%. The pooled mean patient age was 57.9 years (standard error of the mean 9.4 years). There was high heterogeneity among the studies based on patient age, with an I-squared value of 99.9%. Eliminating the exclusively pediatric study did not change the heterogeneity. The mean percent of males was 44.7% (95% CI 40.7%-48.7%) with a range from 29.2% to 60.0%. There was high heterogeneity based on patient sex, with an Isquared value of 99.6%.
publication bias
The inverse funnel plot for publication bias shows that there are studies missing to the right of average, meaning that there is a lack of studies with higher readmission rates (Fig. 3) . Using trim and fill for the random effects model, there is 1 study missing to the right of average and the imputed point estimate readmission rate is 5.1%, which by the a priori definition is not a significant change from 5.5%. Orwin's fail safe indicates that 6 studies with a 30-day readmission rate of 2.0% would be needed to lower the fixed model readmission rate of 7.1% below 5.0%.
data source
The studies were grouped into 3 categories based on data source: single center, multicenter registry, and large national database. The single-institution studies reported the highest 30-day readmission rate at 6.6% (95% CI 3.8%-11.1%), while the multicenter studies reported the lowest at 4.7% (95% CI 2.3%-9.3%; Table 2 ). The large national databases had the largest number of patients (402,587) and a 30-day readmission rate of 5.2% (95% CI 3.0%-8.8%). There was no significant difference in readmission rates based on data source (p = 0.72). Heterogeneity was high with an I-squared value of 99.6%.
time From enrollment
The 30-day readmission rates were compared based on the time that the studies started collecting data. The most recent studies, which began collecting data after 2009, had a 30-day readmission rate of 5.0% (95% CI 3.4%-7.4%; Table 2 ). Studies that began collecting data between 2006 and 2009 had a readmission rate of 4.9% (95% CI 3.4%-7.0%), while the oldest studies, which began collecting data before 2006, had a readmission rate of 10.4% (95% CI 5.6%-18.5%). Although the oldest studies had a higher 30-day readmission rate, this was not statistically significant (p = 0.098).
spine level
Studies were categorized as exclusively lumbar or studies that included all spinal levels. Studies including all spinal levels had a higher 30-day readmission rate at 6.1% (95% CI 4.1%-8.9%; Table 2 ) than exclusively lumbar studies at 4.6% (95% CI 2.5%-8.2%); however, the difference between the 2 rates was not statistically significant (p = 0.43).
procedure
No analysis could be performed based on procedure because no single procedure type was represented by a sufficient number of studies for meaningful analysis. The most frequent procedure types were deformity (2 studies) and laminectomy (2 studies).
risk Factors
Sixteen risk factors were identified on multivariate analysis in at least 2 studies (Table 3 ). The risk factors positively associated with increased 30-day readmissions were an American Society of Anesthesiologists (ASA) physical status of 4 or greater (4 studies), operative duration (4), and Medicare/Medicaid insurance (3). Age was found to have a statistically positive correlation with increased readmission in 3 studies; however, no correlation was found in 2 other studies. Similarly, history of pulmonary disease was found to have a positive correlation with readmission in 3 studies but no correlation in 3 other studies. We had intended to perform multivariable meta-regression on these factors, but we believed that there were too few studies with consistent reporting of the various factors to statistically justify this approach.
Causes of Readmission
Of the 13 causes of readmission identified in 2 or more studies, infection was the most common, accounting for 28.2% of the 30-day readmissions (Table 4 ). This category included both surgical site infections (SSIs) as defined by the Centers for Disease Control and Prevention, and other infections (for example, deep space infections, bacteremia). Wound complications including SSIs, noninfectious wound problems, dehiscence, hematoma, and seroma accounted for 39.3% of 30-day readmissions. The next most common cause of readmission was medical system complications at 26.6%, which included adverse events such as deep venous thrombosis, pulmonary embolism, pneumonia, or urinary tract infection.
sensitivity Analysis
We examined the effect of the meta-analysis model on the 30-day readmission rate. The fixed model readmission rate was 7.1%, which was much greater than the random effects rate of 4.4%. This was caused by the larger studies having greater weight in the fixed model. The Wang et al. study, which had a high 30-day readmission rate, accounted for 82% of the fixed model 30-day readmission rate and greatly increased the fixed model readmission rate. 33 This justified the use of the random effects model.
Individual studies were removed from the analysis to assess for a significant change in the 30-day readmission rate based on the a priori definition; no individual study made a 0.5% difference. Removing the 5 studies from single institutions decreased the 30-day readmission rate to 4.9%. Eliminating the 5 multicenter registry studies increased the rate to 6.1%. Elimination of any other groups based on data source, time of enrollment, procedure type, or spine level did not significantly change the results.
discussion
The principle aim of this study was to determine the 30-day readmission rate in spine surgery, which we found to be 5.5% with a 95% CI between 4.2% and 7.4%. There is significant heterogeneity and therefore it is best to consider the confidence interval rather than a single pooled result. Comparing other medical specialties, we found that this rate in absolute terms is 7%-19% lower than the rates reported in meta-analyses of general internal medicine and 5% lower than rates for general surgery. 4, 14 This spine surgery 30-day readmission rate appears to be lower than the 30-day readmission rate for neurosurgery as a whole, which has been reported between 6.9% 8 and 14% 31 for a single institution and 10.5% for the Veterans Affairs Surgical Quality Improvement Program. 12 Our 5.5% 30-day readmission rate is similar to the pooled readmission rate of 5.4% reported in a large meta-analysis of all orthopedic specialties. 7 We report on 30-day readmission rates after procedures by both neurosurgeons and orthopedic surgeons. Given the lack of studies reporting on spine surgeries performed only by neurosurgeons, we were unable to statistically examine the readmission rates of neurosurgeons as opposed to orthopedic surgeons. However, Seicean et al. found that in over 34,000 patients undergoing spine surgery in the NSQIP database, there was no difference in 30-day readmission rates between neurosurgeons and orthopedic surgeons (4.5% vs 4.4%, respectively). 27 Similarly, McCutcheon et al. reported no difference in rates for 30-day returns to the operating room between the 2 specialties (4.0% neurosurgery vs 3.9% orthopedic surgery). 
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Heterogeneity in meta-analyses affords the opportunity to examine factors that may cause effect size variability. In the current study, patient age, sex, procedure type, level of surgery, data source, surgeon training, and time from enrollment were all different in the included studies and thus probably the causes of the heterogeneity. These factors probably contribute to the I-squared value consistently greater than 90%. Because of inconsistent reporting, we were unable to perform subgroup analysis on the above variables except for data source, time from enrollment, and level of surgery. Removing studies reporting on data from single institutions decreases the pooled readmission rate by 0.6%, thereby demonstrating that single-institution studies generally have a higher 30-day readmission rate. This could be attributable to the fact that single-institution studies are more likely to report readmissions based on chart review and not on ICD-9 or current procedural terminology (CPT) coding, which have both been shown to have inaccuracies. 18, 24 The earlier studies (starting enrollment before 2006) do not have statistically significant higher effect sizes than later studies, which is surprising considering that increasingly more attention is devoted to reducing readmissions in both recent policy and the literature. The lack of statistical significance could be attributed to the small number of studies (only 2) from this time period, but the absence of studies older than 10 years is expected since the 30-day readmission rate was not a commonly reported quality metric at that time. More recent data may include lower readmission rates given that minimally invasive microsurgical techniques have become more popular. Future studies examining 30-day readmission rates following minimally invasive spine surgery, as well as risk factors and causes of readmission, are warranted.
Based on the data made available by the 13 studies included in our analysis, ASA score, operative duration, and Medicare/Medicaid insurance are the risk factors most often statistically correlated with increased odds of 30-day readmission. In patients with a high ASA score, comprehensive optimization programs of medical comorbidities have been shown to reduce complications, including readmissions. 11, 28 Moreover, our results suggest that an increased ASA score with its attendant risk should be considered at the time of surgical decision making. Conversely, operative duration is a surgical variable that should be limited when possible. Having 2 experienced spine surgeons for complex surgery such as deformity has been shown to reduce operative time and the risk of complications and therefore represents a potential method of limiting operative duration in high-risk spine procedures. 2 We had aimed to perform multivariable meta-regression on these factors, but the scarcity of studies with consistent reporting of the various factors prevented this analysis. The reporting of readmission risk factors in future studies would be beneficial.
The pooled causes of readmission elucidate potential targets for 30-day readmission reduction. Forty percent of readmissions are for wound problems, the majority of which are surgical site infections. Recent literature has highlighted many strategies to reduce infectious complications including screening programs for methicillinresistant Staphylococcus aureus, 23 decolonization, 9 operating room air quality optimization, 29 and compliance with antibiotics. 16 To our knowledge, these strategies have not been trialed in spine surgery and thus warrant further study. Although dural tear is the cause of only 4.9% of readmissions in studies reporting these data, it represents a surgical complication unique to spinal surgery that is theoretically preventable. Yoshihara et al. report that in spinal surgery, those with a dural tear had higher in-hospital mortality and care costing $13,330 more than those without a dural tear. 34 It should be noted that risk factors and causes of readmission are not reported in the majority of studies; the conclusions drawn represent only what can be determined from the available data.
Our study has several limitations. First, because of the different coding used by the various databases, there are inconsistent definitions for the studied variables, which makes combining them for meta-analysis difficult. For example, some studies were able to report on readmissions to outside hospitals whereas others were not. Further, while the majority of studies reported readmissions 30 days from discharge, some reported readmissions 30 days from the procedure. This may have affected the pooled 30-day readmission rate. Similarly, many risk factors and causes of readmission have unclear definitions that potentially allow some groups to have overlap while others are excluded. Standard definitions would be useful for future studies. As stated above, the majority of studies only report readmission rates and do not include analyses of risk factors and causes. Therefore, the present study represents what is available in the literature but not necessarily in all of spine surgery. A single author extrapolated the data used for this analysis. Although the data were generally taken directly from figures and tables, a second reviewer might have optimized accuracy and the completeness of data extraction. Another limitation is the design of all included studies. The publications are retrospective observational studies, which are generally prognostic level II and represent moderate evidence.
conclusions
This study reports the 30-day readmission rate following spinal surgery to be between 4.2% and 7.4%. We recommend consideration of the confidence interval given the significant heterogeneity between studies. The heterogeneity indicates that there are factors such as demographics, procedure types, and individual institutional factors that are important and that affect this outcome variable. In the future, quantifying these factors and the effects of best practices may aid the development of quality improvement programs. The pooled analysis of risk factors and causes of readmission is limited by the lack of reporting in most spine literature.
